Glucocorticoids are used in the curative treatment of acute lymphoblastic leukemia (ALL). Resistance to glucocorticoids is an important adverse prognostic factor in newly diagnosed ALL patients but its mechanism is unknown. Because SWI/SNF complex-mediated chromatin remodeling is required for glucocorticoid transcriptional activity in vitro, we investigated whether expression of subunits of the SWI/SNF complex was related to glucocorticoid resistance in ALL.
Synthetic glucocorticoids, such as dexamethasone and prednisolone, are widely used anti-inflammatory, antiproliferative, and immunomodulatory medications ( 1 ) . In lymphoid malignancies, especially childhood acute lymphoblastic leukemia (ALL), glucocorticoids are an essential element of curative combination chemotherapy regimens ( 2 , 3 ) . Glucocorticoids have clinically significant antileukemic activity in part because of their relatively specific cytotoxicity for cells in the lymphoid lineage ( 4 , 5 ) . Also, glucocorticoids have relatively few acute side effects compared with other antileukemic agents ( 5 ) . It is also important that, among patients with childhood ALL, the initial response to glucocorticoid treatment is a statistically significant predictor of long-term treatment outcome ( 6 , 7 ) and that in vitro cellular glucocorticoid resistance, as determined in primary ALL cells from ALL patients, identifies patients who are at high risk for a poor response to treatment ( 8 , 9 ) .
Glucocorticoids enter cells by passive diffusion and bind to the intracellular glucocorticoid receptor, which is the product of the NR3C1 gene and which is a ubiquitously expressed member of the nuclear receptor superfamily ( 10 ) . After a glucocorticoid binds to the NR3C1 glucocorticoid receptor, conformational changes in the receptor expose nuclear localization signal protein domains, so that the glucocorticoid -NR3C1 complex can be translocated to the nucleus. Once in the nucleus, the complex regulates the transactivation (via binding to glucocorticoid response elements located in the promoter regions of target genes) and transrepression (via interactions with transcription factors such as AP-1) of glucocorticoid-responsive genes ( 10 ) . The transactivation and/or transrepression of downstream target genes then induce apoptosis in glucocorticoid-sensitive cells ( 5 ) .
Although prognosis is poor for ALL patients who are resistant to glucocorticoid treatment under contemporary protocols ( 6 -9 , 11 ) , mechanisms underlying glucocorticoid resistance remain poorly understood. Studies of glucocorticoid resistance ( 5 , 12 , 13 ) have focused on mechanisms upstream of the binding of glucocorticoid to its receptor, including decreased extracellular or intracellular glucocorticoid concentrations or NR3C1 mutations, splice variants, or insuffi cient expression. These studies also reported resistance mechanisms downstream of the binding of glucocorticoid to its receptor that involve the glucocorticoid signaling pathway and result in the inhibition of apoptosis or the inappropriate activation of survival signals.
Using a genome-wide approach to assess gene expression in ALL cells that were isolated from patients with newly diagnosed childhood ALL, we have previously identifi ed ( 14 ) 33 genes that were differentially expressed in prednisolone-sensitive cells compared with prednisolone-resistant cells. These 33 genes provided new insights into mechanisms of cellular resistance to prednisolone and revealed potentially new targets that were involved in this process. Specifi cally, expression of SMARCB1 (also known as SNF5, INI1, or BAF47), which encodes a core subunit of the SWI/SNF chromatin-remodeling complex, was strongly associated with prednisolone resistance. That is, lower SMARCB1 gene expression was associated with prednisolone-resistant ALL and higher SMARCB1 gene expression was associated with prednisolone-sensitive ALL ( 14 , 15 ) .
Condensed chromatin structure inhibits gene transcription by blocking access of the transcriptional machinery to the DNA and by blocking the interaction between gene-specifi c transcription factors and their DNA recognition sequences ( 16 ) . Transcriptional activation and effi cient transcription of genes require dynamic structural changes in chromatin, and the ATP-dependent SWI/ SNF complex is involved in chromatin restructuring, especially that associated with steroid hormone-activated transcription ( 16 , 17 ) .
The SWI/SNF complex is a highly conserved multisubunit complex composed of nine to 12 subunits ( 18 , 19 ) . In humans, the SWI/SNF complex contains either SMARCA4 protein (also known as BRG1) or SMARCA2 protein (also known as BRM) as the catalytic ATPase subunit. This subunit is bound to a multiprotein complex containing BAF proteins (ie, BRG1-or BRMassociated factors) and products of the following genes: SMARCC1 (also known as BAF155), SMARCC2 (also known as BAF170), SMARCD1-3 (also known as BAF60a-c), SMARCE1 (also known as BAF57), ACTL6A-B (also known as BAF53a-b), and SMARCB1 (also known as BAF47) ( 18 , 19 ) . In vitro studies in yeast and in mammalian cells have shown that the SWI/SNF complex is necessary for glucocorticoid-dependent transcription because of its chromatin-remodeling and nucleosome-disruption activities ( 20 -22 ) and that glucocorticoid activation of the promoter of the mouse mammary tumor virus requires SWI/SNF complexes that contain SMARCA4 protein as the catalytic subunit ( 23 , 24 ) .
From these results, we hypothesized that decreased expression of not only SMARCB1 protein but also other subunits of the SWI/SNF complex is related to glucocorticoid resistance in ALL. To assess whether expression of genes for subunits of the SWI/ SNF complex differs between primary ALL cells that are resistant to glucocorticoids and those that are sensitive to glucocorticoids, we measured glucocorticoid sensitivity and gene expression in
CONTEXT AND CAVEATS

Prior knowledge
Glucocorticoids are a curative treatment for acute lymphoblastic leukemia (ALL), and patients who develop resistance to glucocorticoid treatment have poor prognosis. SWI/SNF complex-mediated chromatin remodeling is required for glucocorticoid transcriptional activity in vitro.
Study design
Associations between expression of genes encoding components of the SWI/SNF complex and sensitivity to prednisolone and dexamethasone were studied in ALL cells from a training cohort and an independent validation cohort of children with newly diagnosed ALL. RNA interference was used to reduce mRNA expression of SMARCA4 in glucocorticoid-sensitive Jurkat human ALL cells.
Contribution
ALL cells from every patient studied expressed only SMARCA4 as the catalytic subunit of the SWI/SNF complex; none expressed SMARCA2, the alternate catalytic component. Expression of genes for three components of the SWI/SNF complex (SMARCA4, ARID1A, and SMARCB1) in ALL cells was statistically significantly associated with dexamethasone sensitivity, and expression of one component (SMARCA4) was statistically significantly associated with prednisolone sensitivity. Decreased SMARCA4 expression in Jurkat cells was associated with prednisolone resistance.
Implications
Future studies should further investigate the association between subunits of the SWI/SNF complex and glucocorticoid resistance in ALL patients.
Limitations
Glucocorticoid resistance is probably a multigenic phenomenon and may involve additional genes not investigated in this study. The sample size of ALL patients was relatively small, especially of the St. Jude validation cohort.
From the Editors
primary ALL cells from a discovery cohort of ALL patients and from an independent validation cohort of ALL patients. ( 14 , 25 ) (hereafter referred to as the COALL-DCOG training or discovery cohort). The training cohort, thus, included the 177 consecutive ALL patients who had sufficient ALL cells for successful gene expression analysis and in vitro drug sensitivity testing ( Table 1 ) , as described previously ( 14 ) . The independent validation cohort included 95 patients with childhood ALL who were enrolled in the St. Jude Children's Research Hospital protocol, Total Therapy 15 ( Table 1 ) (ie, the St. Jude validation cohort). Prednisolone sensitivity was measured in 71 of these 95 patients, and dexamethasone sensitivity was measured in 66 patients (with 42 of the 95 patients being tested for both drugs) ( 26 ) . We similarly collected data on consecutive patients with sufficient ALL cells for successful gene expression analysis and in vitro drug sensitivity testing in the St. Jude validation cohort. Enrollment in the St. Jude Total Therapy 15 trial started on June 29, 2000, and we routinely measured in vitro sensitivity after March 1, 2002 . The gene expression analysis of these patients has not been published previously. Patients were enrolled in either of these studies if they had a diagnosis of ALL, were younger than 18 years of age, and had not been previously treated for ALL. The investigation was approved either by the institutional review boards at St. Jude Children's Research Hospital or by the central study office of the COALL and at Sophia Children's Hospital. Signed informed consent was obtained from parents or legal guardians before enrollment of all patients participating in these studies.
Patients and Methods
Patients
Isolation of Leukemia Cells
Mononuclear cells were isolated from bone marrow or peripheral blood by sucrose density gradient centrifugation (sucrose density = 1.077 g/mL; Lymphoprep, Nycomed Pharma, Oslo, Norway) within 24 hours of collection. For in vitro sensitivity testing, cells were resuspended in modified RPMI-1640 medium supplemented with 20% fetal calf serum (Integro, Zaandam, the Netherlands), 2 mM l -glutamine, gentamycin (Gibco BRL, Breda, the Netherlands; 200 µ g/mL), penicillin (100 IU/mL), streptomycin (100 µ g/mL), and Fungizone (Gibco BRL, Rockville, MD ; 0.125 µ g/mL), as well as ITS medium supplement containing insulin (5 µ g/mL), transferrin (5 µ g/mL), and sodium selenite (5 ng/mL) (Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands), as described previously ( 14 ) . If necessary, cells purified by density gradient centrifugation were further enriched to a cell population that contained more than 90% blasts by removing nonmalignant cells with immunomagnetic beads (Dynal, Breda, the Netherlands). To remove normal T lymphocytes, we used 10-fold more anti-CD3 immunomagnetic beads than the number of normal T lymphocytes. These normal T lymphocytes were depleted according to the manufacturer's recommendation. To remove other contaminating normal cells, we used a mixture of mouse anti-human monoclonal antibodies, including anti-CD3 for T lymphocytes, IgM for B lymphocytes, anti-CD13 for immature myeloid cells, anti-CD14 for monocytes, anti-CD15 for granulocytes and bands (ie, less mature neutrophils), anti-CD13 -15 for metamyelocytes, anti-CD33 for myelocytes, and anti-H1 for normocytes and erythroblasts. Briefly, we added 2 µ L of undiluted antibody per 100 µ L containing 10 × 10 6 cells, incubated the mixture for 30 minutes at 37°C in a water bath, washed the cells three times with culture medium, and centrifuged the mixture at 300 g for 5 minutes at 4°C. Subsequently, we incubated the cell -antibody mixture with sheep anti-mouse immunobeads, in accordance with the manufacturer's recommendation. Enrichment was checked by microscopy in a cytospin preparation to determine the fraction of leukemic cells by use of Wright -Giemsa staining (product 23-036507, Fisher Scientific, Landsmeer, the Netherlands). For the St. Jude validation cohort, the procedures were the same except that no antibiotics were used in the culture medium. , and asparaginase (Paronal, Christiaens, Breda, The Netherlands) was determined in tumor cells from patients in the training set by use of a 4-day in vitro 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT) drug resistance assay, as described elsewhere ( 14 ) . Tumor cells were cultured in a 96-well microculture plate with the indicated drugs, and viable cells reduced MTT (yellow) to formazan (purple). Formazan crystals were dissolved in acidified isopropanol and the concentration of formazan was determined spectrophotometrically. At each drug concentration, leukemic cell survival was calculated. The LC 50 value (as detailed below) was then determined from a dose -response curve and used as the most reliable estimate for comparing drug resistance or sensitivity, respectively, across the population of patients. Prednisolone and dexamethasone sensitivities of the leukemia cells that were isolated from 95 patients in the St. Jude validation cohort were determined by use of bone marrow aspirates that were prepared as described above, except that no antibiotics were used in the culture medium. Dexamethasone was from the American Reagent Laboratories, Inc. (Shirley, NY) and prednisolone (SoluMedrol) was from Pharmacia & Upjohn Company (New York, NY). LC 50 values were determined as for the training set.
The LC 50 value was determined by fi rst fi tting the following model to the data:
where Y max is the maximum viability, K M is the half saturation parameter, Y min is the minimum viability, n is the Hill coefficient (which regulates the steepness of the viability curve), and C is the concentration of the drug. From this equation, we estimated the LC 50 by solving for the concentration, C , at which the effect was 50%. For this estimation, we used the nonlinear parameter estimation maximum likelihood method, which is available in ADAPT II ( 27 ) . The variability was estimated for the LC 50 and its 95% confidence interval (CI) (by assuming that a normally distributed error was made by the maximum likelihood method). These measures of variability were also used to determine the statistical significance of the difference between the SMARCA4 knockdown and control cell LC 50 values for prednisolone and asparaginase ( 27 ) .
To validate the prednisolone sensitivity phenotype from the training set, we used the LC 50 values for two different glucocorticoids, prednisolone or dexamethasone, in the validation set. From the distribution of the LC 50 data in the training and validation sets, we defi ned those with an LC 50 value for prednisolone of more than 150 µ g/mL as being resistant to prednisolone and those with an LC 50 value of less than 0.1 µ g/mL as sensitive to prednisolone. These definitions were from previous reports ( 14 , 28 -30 ) in which these criteria were associated with treatment outcome. We defi ned the patients with an LC 50 value for dexamethasone of more than 5.8 µ g/mL as being resistant to dexamethasone and those with an LC 50 value of less than 0.02 µ g/mL as being sensitive to dexamethasone. We chose these cutoffs so that, for both glucocorticoids, 20% of the population was defi ned as glucocorticoid resistant and 33% was defi ned as being glucocorticoid sensitive. These percentages are exactly the same as those in the training set (20% and 33%, respectively).
Gene Expression
Total RNA was extracted from mononuclear cells isolated from every ALL patient in both cohorts (which contained >85% leukemia cells) with Trizol (Gibco BRL) according to the manufacturer's recommendation. High-quality total RNA (5 µ g) was used to determine the gene expression profile of leukemia cells from each patient at diagnosis. Generation of cDNA and complementary RNA from the total RNA and hybridization of the complementary RNA to the U133A GeneChip oligonucleotide microarray (Affymetrix, Santa Clara, CA) were performed in accordance with to the manufacturer's protocol. This microarray contains 22 215 gene probe sets, representing approximately 12 357 human genes, plus approximately 3820 expressed sequence tag clones with unknown function. Default settings of GCOS software version 1.2 (Affymetrix) were used to calculate scaled gene expression values.
Bioinformatics
A total of 224 candidate gene probe sets related to the SWI/SNF complex (representing 123 unique genes and six cDNA clones) were selected for the analysis. Among these probe sets, 204 gene probe sets (representing 119 unique genes and six cDNA clones) were found in the Gene Ontology database entry "chromatin modification," and 46 gene probe sets (representing 16 unique genes and one cDNA clone) were related to the SWI/SNF complex. An overlap of 26 gene probe sets was found in both categories. The Gene Ontology database (located at http://www. geneontology.org/ ) uses predefined and authorized terms to organize information about gene products in terms of their association with three categories (ie, Biological Process, Cellular Component, and Molecular Function) ( 31 ) . Expression signals were log transformed to normalize their distribution. The candidate probe sets were defined as expressed if they were absent by the Affymetrix Call algorithm in fewer than 5% of the 177 cell samples obtained from the 177 patients in the training cohort or if the probe sets had an average scaled expression value of greater than 10.5.
To assess any association between the expression of a gene and sensitivity to antileukemic agents, we used two public global pathway databases, Gene Ontology (see above) and GenMAPP (located at http://www.genmapp.org/ ). The GenMAPP database is a free computer application that maps genomic data from groups of biologically related genes and maintains a collection of well-curated metabolic and signaling pathways.
Pathways listed in the GenMAPP database (n = 311 entries) and in the Biological Process category of Gene Ontology database (n = 119 entries) were tested for associations with prednisolone, asparaginase, and vincristine sensitivity by use of LC 50 data and the global test method ( 32 ) , which was implemented with the R Bioconductor package ( 33 ) . This test was used to infer overrepresentation of specifi c biological pathways by comparing the prediction accuracy of the phenotype by the use of the expression profi le of genes in the pathway that were not associated with the phenotype. The "geneplot" function was used to plot the association between selected genes and default parameters.
Three of the 119 Biological Process categories in the Gene Ontology database or three of the 311 GenMAPP entries included the word chromatin (ie, "chromatin assembly," "chromatin assembly or disassembly," and "chromatin modifi cation"). Because the chromatin-related pathways in both databases had the same names and contained most of the same genes, we selected the Gene Ontology database for this analysis. The Gene Ontology Biological Process and GenMAPP databases contained nine proteins encoded by the SWI/SNF chromatin-remodeling genes, including ARID1A, SMARCB1, SMARCC1, SMARCC2, SMARCA1, SMARCA2, SMARCA5, SMARCD1, and SMARCD2, but were both missing SMARCA4. The "Cellular Component" entry "SWI/SNF complex" (accession number in Gene Ontology = GO:0016514) in the Gene Ontology database contained 11 gene products and most of the crucial core subunits ( Supplementary Table 1 , available online) of the SWI/SNF complex, including ACTL6B, ARID1A, ARID1B, NCTR1, SMARCB1, SMARCC1, SMARCC2, SMARCA2, SMARCA4, SMARCD2, and SMARCD3 ( 34 ) . The core subunits form the minimal basic structure of the SWI/SNF protein complex . This entry in the Gene Ontology database also included SMARCA4. These 11 gene products in the Gene Ontology database corresponded to 27 gene probe sets on the U133A GeneChip.
Cell Culture, Lentiviral Transduction, and RNA Interference Jurkat human ALL cells (American Type Culture Collection, Rockville, MD) were maintained in RPMI-1640 medium (BioWhittaker, Walkersville, MD), supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and 1% l -glutamine (200 mM, BioWhittaker). The cells were cultured at 37°C in an atmosphere of 5% CO 2 and air with a humidity of 95%.
Knockdown of SMARCA4 protein expression was achieved by use of RNA interference with a lentiviral vector-based short hairpin RNA (shRNA) approach developed by The RNAi Consortium and distributed commercially as the MISSION TRC-Hs 1.0 library (Sigma, St Louis, MO). We used lentiviral particles corresponding to the MISSION shRNA SHVRS-NM_003072 target set (including fi ve different shRNA constructs) and the MISSION Non-Target shRNA control. We transduced all fi ve shRNA constructs and determined the knockdown effi ciency by western blot analysis. Briefl y, for the RNA interference experiments, 1 × 10 4 Jurkat cells were transduced with lentiviruses carrying shRNA at a multiplicity of infection of 20 in wells of a 96-well plate (Fisher Scientifi c) containing RPMI-1640 medium. The wells had been precoated with retronectin at the concentration recommended by the manufacturer to enhance virus-mediated gene transduction. Three days after transfection, cells were transferred into medium containing puromycin (Sigma; 2.5 µ g/mL) to select transduced cells and maintained under selective pressure at this concentration of puromycin. MTT drug resistance assays and western blot analysis were performed within a week after selection. MTT assays were performed in cells transduced with the most effi cient shRNA (clone NM_003072
Western Blot Analysis
We homogenized 200 000 Jurkat cells that had been transduced with SMARCA4 shRNA or control shRNA in microsome storage buffer (100 mM potassium phosphate at pH 7.4, 1 mM EDTA, and 20% glycerol) containing a protease inhibitor mixture (Roche, Indianapolis, IN) and subjected the homogenate to further disruption by sonication (Cole Palmer Ultrasonic Homogenizer 4710 Series, Cole Palmer Instruments, Chicago, IL; with the output control at a setting of 20 for 10 seconds). Protein concentrations of the lysates were measured with the Bio-Rad Protein Assay (Bio-Rad Laboratory, Hercules, CA). Proteins (25 µ g per lane) were separated in a 3% -8% gel by sodium dodecyl sulfate -polyacrylamide gel electrophoresis (NuPAGE Tris-acetate gel, Invitrogen, Carlsbad, CA) and then electrotransferred to nitrocellulose membranes (Invitrogen). Filters were blocked for 2 hours in Trisbuffered saline (50 mM Tris -HCl at pH 7.4 and 150 mM NaCl) containing 1% Tween-20 (TBST) and 5% nonfat dry milk and then incubated with the primary antibody (goat anti-SMARCA4, diluted 1:200, or anti-glyceraldehyde-3-phosphate dehydrogenase [anti-GAPDH], diluted 1:500; both from Santa Cruz Biotechnology Inc., Santa Cruz, CA) in TBST containing 5% nonfat dry milk overnight at 4°C on a shaker. Filters were washed for two 15-minute periods in TBST and then incubated in TBST containing 5% nonfat dry milk for 1 hour with horseradish peroxidaseconjugated anti-goat IgG secondary antibody (diluted 1:5000; Santa Cruz Biotechnology). After three washes as described above, filters were activated by use of the enhanced chemiluminescence western blotting detection reagent as described by the manufacturer (ECL Plus, Amersham Biosciences, Piscataway, NJ) and exposed to autoradiographic film (Hyperfilm ECL, Amersham Biosciences). The gels were also scanned with the Storm 860 PhosphoImager (Molecular Dynamics, Sunnyvale, CA) and analyzed by the ImageQuant software.
Statistical Analysis
Highly correlated probe sets (defined as those with a Pearson correlation coefficient r of >0.6) from the same gene were considered to be measuring a single transcript and were combined into one expression score variable that was represented by the first component of the principal component analysis of the standardized microarray signals of each probe set. The Spearman rank correlation test was used to investigate the relationship between drug resistance and the expression level of each transcript selected. Differences in gene expression were evaluated by use of the Kruskal -Wallis test.
The relationship between the in vitro prednisolone sensitivity of 177 patients and the expression of ARID1A, SMARCA4, SMARCB1, and SMARCC2 genes (as mRNAs) was investigated by use of a multiple linear regression model. We also included expression of the glucocorticoid receptor gene NR3C1 because the SWI/SNF chromatin-remodeling complex is recruited for the transcriptional regulation of glucocorticoid-responsive genes by a complex containing glucocorticoid, NR3C1 glucocorticoid receptor, and DNA ( 18 , 19 ) . We used logistic regression to determine whether this model could predict which of the 177 patients in the COALL-DCOG training cohort were resistant to prednisolone and which were sensitive. We built the logistic regression model with the discovery data from the COALL-DCOG training cohort and predicted the glucocorticoid sensitivity of patients in the validation cohort on the basis of their gene expression. We then cross-tabulated the predicted sensitivity and the observed drug sensitivity by use of the aforementioned cut points for groups that were sensitive, intermediate, or resistant to a glucocorticoid. For prednisolone, sensitive was defi ned as an LC 50 of 0.1 µ g/mL or less, intermediate was defi ned as an LC 50 of more than 0.1 µ g/mL but less than 150 µ g/mL, and resistant was defi ned as an LC 50 of 150 µ g/mL or more. For dexamethasone, sensitive was defi ned as an LC 50 of 0.02 µ g/mL or less, intermediate was defi ned as an LC 50 of more than 0.02 µ g/mL but less than 5.8 µ g/mL, and resistant was defi ned as an LC 50 of 5.8 µ g/mL or more. Dexamethasone is a more potent glucocorticoid than prednisolone and, therefore, its LC 50 concentration ranges were lower than those for prednisolone. Additionally, sensitivity and resistance to dexamethasone were defi ned as having the same distribution as prednisolone resistance in the discovery set.
A power calculation was not done. We used the t test to compare the LC 50 values for prednisolone and asparaginase of SMARCA4 knockdown vs control cells. All statistical analyses were performed with R version 2.6.1 software. All statistical tests were two-sided.
Results
Prednisolone Sensitivity and Biological Pathway Analysis
This investigation was undertaken to determine whether the expression of chromatin-remodeling genes differed between primary ALL cells that are resistant to glucocorticoids and those that were sensitive. We measured glucocorticoid sensitivity in primary ALL cells from 177 newly diagnosed patients with ALL and used microarrays to assess differences in expression of genes encoding proteins that are related to chromatin remodeling in sensitive and resistant leukemia cells. Using the Gene Ontology Biological Process and GenMapp databases and the global test method, we found a statistically significant association between prednisolone sensitivity in primary ALL cells and the expression of genes for various subunits in specific biological pathways that are related to chromatin regulation. Although the Gene Ontology Biological Process entries did not include the SMARCA4 protein, the Gene Ontology Cellular Component entry "SWI/SNF complex" did include SMARCA4 protein, along with another eight proteins that can be found in the SWI/SNF complex, including ACTL6B, ARID1A, SMARCA2, SMARCB1, SMARCC1, SMARCC2, SMARCD2, and SMARCD3. The expression of these genes was statistically significantly associated with prednisolone sensitivity ( P = .010, global test) but not with sensitivity to the mechanistically distinct antileukemic agents asparaginase or vincristine ( Figure 1 ) .
Further, the statistically signifi cant association between this pathway and prednisolone sensitivity was explained by the expression of only four genes in the SWI/SNF complex -ARID1A, SMARCA4, SMARCB1, and SMARCC2. That is, the expression of ARID1A, SMARCA4, and SMARCB1 was most strongly associated with prednisolone sensitivity, with the expression of each gene exceeding that of the reference value expected under the null hypothesis by 6 -9 SDs. Expression of SMARCC2 was less strongly associated with prednisolone sensitivity, with its expression exceeding the reference by more than 3 SDs ( Figure 1, A ) .
Expression of SWI/SNF-Related Genes in ALL Cells
To determine which SWI/SNF-related genes are expressed in ALL cells, we used the expression values of 43 probe sets that corresponded to 17 SWI/SNF-related genes in the COALL-DCOG cohort. Transcripts of 11 genes whose products can be found in the SWI/SNF complex (ie, ARID1A, HLTF, SMARCA4, SMARCA5, SMARCB1, SMARCC1, SMARCC2, SMARCD1, SMARCD2, SMARCE1, and PB1) were expressed in primary ALL cells ( Supplementary Table 1 , available online). We found no evidence that SMARCA2 was expressed in leukemia cells. Therefore, because the catalytic subunit of SWI/SNF chromatinremodeling complexes can be either SMARCA4 or SMARCA2 protein, the ALL cells examined in our study must contain SWI/ SNF complexes with only the SMARCA4 protein.
Expression of Gene Products in the SWI/SNF Complex and Drug Sensitivity
By use of data from the COALL-DCOG discovery cohort and the Spearman rank correlation test, we assessed whether the expression of genes whose products can bind to the SWI/SNF complex was statistically significantly associated with the sensitivity of primary ALL cells to prednisolone. We found that increased expression of SMARCA4 ( P < .001 and r = Ϫ 0.28), ARID1A ( P = .002 and r = Ϫ 0.23), SMARCB1 ( P < .001 and r = Ϫ 0.28), and SMARCC2 ( P = .016 and r = Ϫ 0.18) mRNAs was statistically significantly associated with prednisolone sensitivity, as measured by the LC 50 for prednisolone ( Supplementary Table 2 , available online). No association was found between expression of these genes and sensitivity to either asparaginase or vincristine (data not shown). The expression of SMARCA4, ARID1A, SMARCC2, and SMARCB1 was investigated in primary ALL cells from subsets of the 177 patients with ALL who were sensitive to prednisolone (n = 58), neither sensitive nor resistant to prednisolone (intermediate; n = 83), or resistant to prednisolone (n = 36). Prednisoloneresistant cells had statistically significantly lower expression of all four genes than cells from the other subgroups, as shown by linear regression analysis (for SMARCA4, estimate = Ϫ 0.71, 95% CI = Ϫ 1.07 to -0.34, P < .001; for ARID1A, estimate = -0.56, 95% CI = -0.86 to -0.26, P < .001; for SMARCC2, estimate = -0.30, 95% CI = -0.51 to -0.1, P = .005; and for SMARCB1, estimate = -0.42, 95% CI = -0.62 to -0.23, P < .001) ( Figure 2 ) .
The multiple linear regression model with the expression of all fi ve genes (ARID1A, SMARCA4, SMARCB1, SMARCC2, and NR3C1) as covariates appeared to account for 22% of total variation in prednisolone sensitivity ( P < .001, Supplementary Table 3 , available online). We included expression of the NR3C1 glucocorticoid receptor gene in the model because, after the complex containing glucocorticoid, NR3C1 protein, and DNA is formed, the SWI/SNF chromatin-remodeling complex is recruited, via protein -protein interaction of ARID1A and SMARCD1 with NR3C1, for the transcriptional regulation of glucocorticoidresponsive genes ( 18 , 19 ) . Furthermore, the expression of SMARCC2 and particularly of SMARCA4 was correlated with the expression of ARID1A and of SMARCB1 ( Table 2 ) , explaining why they were not independently statistically signifi cant in the multiple linear regression model. By using expression of these fi ve genes (ARID1A, SMARCA4, SMARCB1, SMARCC2, and NR3C1), we could correctly identify patients in the COALL-DCOG training cohort as being sensitive (n = 58) or resistant (n = 36) to prednisolone, with a 76% (95% CI = 65% to 85%) prediction accuracy ( P < .001), a sensitivity of correctly identifying prednisolone-resistant patients of 72% (95% CI = 54% to 87%), and a specifi city of 87% (95% CI = 75% to 94%, fi ve-and threegene model, Supplementary Table 4 , available online). Seven patients in the training set who were sensitive and 15 who were resistant to prednisolone were misclassifi ed by our model.
Finally, we used an independent validation cohort of 95 patients with childhood ALL who were treated according to the St. Jude Children's Research Hospital Total 15 protocol to validate these fi ndings. Using leukemia cells from these 95 patients, we determined gene expression levels (ie, as mRNA) for the fi ve genes in our model (ARID1A, SMARCA4, SMARCB1, SMARCC2, and NR3C1) and their sensitivity to prednisolone (n = 71 patients) and dexamethasone (n = 66 patients). Consistent with the fi ndings with our model and data from the COALL-DCOG discovery cohort ( Supplementary Table 2 , available online), low gene expression of SMARCA4 ( P = .018 and r = -0.28 for prednisolone, P < .001 and r = -0.43 for dexamethasone) was statistically significantly associated with resistance to prednisolone and to dexamethasone in primary ALL cells from patients in the St. Jude validation cohort. With ARID1A ( P = .2 and r = -0.15 for prednisolone; and P = .016 and r = -0.29 for dexamethasone) and SMARCB1 ( P = .29 and r = -0.13 for prednisolone; and P = .019 and r = -0.29 for dexamethasone), we found a statistically signifi cant association only for dexamethasone resistance ( Table 3 ). In the validation cohort, gene expression of NR3C1 was statistically signifi cantly associated with prednisolone sensitivity ( P = .036 and r = -0.25) but not with dexamethasone sensitivity ( P = .07 and r = -0.22). In the COALL-DCOG training cohort, gene expression of NR3C1 was not associated with prednisolone sensitivity ( P = .13 and r = -0.11). Using the fi ve-gene model in the validation cohort, we achieved a prediction accuracy of 71% (95% CI = 58% to 81%) for prednisolone and 77% (95% CI = 63% to 91%) for dexamethasone. The sensitivity of predicting which patients would have glucocorticoid resistance was 67% for both glucocorticoids (with 95% CI = 50% to 83% for prednisolone and 95% CI = 39% to 89% for dexamethasone) and a specifi city of 76% (95% CI = 58% to 91%) for prednisolone and 91% (95% CI = 72% to 100%) for dexamethasone. Thus, results in the validation cohort with two different glucocorticoids support our fi vegene model ( Supplementary Table 4 , available online).
Knockdown of SMARCA4 Expression and Glucocorticoid Resistance
To determine whether modulating SMARCA4 expression affects glucocorticoid sensitivity, Jurkat cells were transduced with a shRNA targeting SMARCA4 or a control shRNA and knockdown of SMARCA4 protein expression was evaluated by western blot analysis ( Figure 3, A ) . The expression of SMARCA4 protein was 86% and 93% (as determined in two independent transductions) lower in SMARCA4 shRNA-transfected cells than that in control shRNA-transfected cells. After treatment with either prednisolone or asparaginase for 4 days, prednisolone resistance was higher in SMARCA4 shRNA-transfected cells than in control 
Discussion
Pathway analysis by use of the global test method with the GenMAPP and Gene Ontology database applied on the COALL-DCOG cohort detected statistically significant associations between expression of SWI/SNF complex-related genes -in particular, SMARCA4, ARID1A, SMARCB1, and SMARCC2 -and prednisolone resistance in ALL cells. We showed that primary ALL cells from all patients in our study expressed only the SMARCA4 gene, not the SMARCA2 gene, as the catalytic subunit for the SWI/SNF complex. The expression of SMARCA4 gene which translates into the catalytic subunit of the SWI/SNF complex was related to the sensitivity of primary ALL to prednisolone in the training cohort and in two independent validation cohorts of patients (in the training cohort with prednisolone, P < .001 and r = -0.28; in the validation cohort with prednisolone, P = .018 and r = -0.28; and in the validation cohort with dexamethasone, P < .001 and r = -0.43). Finally, we demonstrated the functional importance of the SWI/SNF complex for glucocorticoid resistance by knocking down the expression of SMARCA4 with RNA interference and showing that glucocorticoid resistance was induced in the cells with decreased expression of SMARCA4 protein.
Drug resistance is the major cause of treatment failure in patients with ALL, yet the mechanisms responsible for resistance remain largely unknown ( 35 ) . Glucocorticoids are one of the most important classes of drugs used in the curative treatment of ALL ( 3 ). Glucocorticoid resistance, as determined either in vitro or in vivo, has been strongly linked to treatment outcome ( 6 -9 ) . Thus, elucidating mechanisms of glucocorticoid resistance should provide important new insights to improve the effi cacy of chemotherapy for ALL.
We have shown previously ( 14 , 15 ) that the SMARCB1 gene, which encodes a core component of the SWI/SNF complex, is expressed at lower levels in primary ALL cells that are resistant to predisolone than in cells that are sensitive to predisolone. Because SMARCB1 protein is a subunit of the SWI/SNF chromatinremodeling complex, the current work was undertaken to determine whether expression of other subunits of the SWI/SNF complex infl uence glucocorticoid resistance in ALL.
Previous studies ( 23 , 24 ) have shown that the SWI/SNF complex containing SMARCA4 protein as the catalytic subunit is required for glucocorticoid-induced transcriptional activation in human SW-13 cells and in yeast. Cytoplasmic rather than nuclear localization of SMARCA4 protein has also been observed in pituitary corticotroph adenomas that exhibit loss of feedback inhibition after high-dose dexamethasone treatment ( 36 ) . However, the relation of SMARCA4 expression to glucocorticoid resistance in human leukemia cells has not, to our knowledge, been investigated previously. Glucocorticoid transcriptional activation has been widely studied in vitro by use of the mouse mammary tumor virus promoter model ( 37 -40 ) . This promoter, when stably integrated into chromatin, adopts an organized chromatin structure containing steroid response elements and restricts transcription factor access ( 41 , 42 ) . With this model, it has been shown that glucocorticoid-mediated activation of the mouse mammary tumor virus promoter is dependent solely on the SWI/SNF complex containing SMARCA4 protein ( 23 , 24 , 43 ) . After glucocorticoid binding, the glucocorticoid -NR3C1 -receptor complex binds to its recognition site on the nucleosome 50 = concentration lethal to 50% of cells; R/S = resistant to sensitive. † P value and correlation coefficient value (r) were from a Spearman rank correlation test for the concentration of prednisolone that is lethal to 50% of cells vs gene expression. All statistical tests were two-sided. ‡ R/S ratios and their P value (Wilcoxon rank sum test, in parentheses) compared the median gene expression of resistant group with the median gene expression of sensitive group. For prednisolone, resistance = LC 50 ≥ 150 µ g/mL; sensitivity = LC 50 ≤ 0.1 µ g/mL. For dexamethasone, resistance = LC 50 ≥ 5.8 µ g/mL; sensitivity = LC 50 ≤ 0.02 µ g/mL. § Representative P value and correlation coefficient value that are based on principal component analysis.
and then recruits the SWI/SNF complex containing SMARCA4 protein, which remodels chromatin by disrupting nucleosome structure so that transcription factors and other regulatory elements have access to their DNA binding sites ( 43 ) . In particular, other SWI/SNF complex-related proteins, such as SMARCD1 and ARID1A, have been shown to interact with the NR3C1 or to potentiate glucocorticoid transactivation and chromatin remodeling ( 24 ) . The NR3C1 glucocorticoid receptor has been shown ( 44 , 45 ) to bind directly to SMARCD1 protein in a ligandindependent manner and to bind to ARID1A protein in a liganddependent manner. These results are consistent with our fi nding that expression of ARID1A, and not SMARCD1, is statistically signifi cantly and specifi cally associated with prednisolone sensitivity and not with sensitivity to asparaginase or vincristine (in the discovery cohort, P = .002 and r = -0.23; Supplementary Table 3 , available online), indicating ligand dependence. In this study, we also found that, among genes for subunits of the SWI/SNF complex, the expression levels of SMARCA4, SMARCC2, SMARCB1, and ARID1A before glucocorticoid treatment were statistically signifi cantly lower in glucocorticoidresistant leukemia cells than in glucocorticoid-sensitive leukemia cells. Expression of these genes, however, was not related to resistance of leukemia cells to the either of the two other antileukemic agent tested, asparaginase and vincristine. In addition, a global test analysis identifi ed the "chromatin modifi cation" pathway (which includes nine of the subunits of the SWI/SNF complex) among the most discriminating biological pathways that were related to prednisolone sensitivity, which also supports the gene expression data.
Furthermore, the "SWI/SNF complex" entry of the Gene Ontology "Cellular Component" category, which named 11 subunits of the SWI/SNF complex, was statistically signifi cantly related to prednisolone sensitivity but not to asparaginase or vincristine sensitivity ( Figure 1 ). This analysis also revealed that prednisolone sensitivity was most strongly related to the expression of ARID1A, SMARCA4, and SMARCB1 and less strongly to the expression of SMARCC2. Furthermore, prednisolone sensitivity was associated statistically signifi cantly and independently with the expression of SMARCB1, ARID1A, and NR3C1 glucocorticoid receptor gene ( 11 ) , and the expression of SMARCC2 and SMARCA4 were strongly correlated with NR3C1, ARID1A, and SMARCB1 (for the SMARCC2 -NR3C1 comparison, r = Ϫ 0.23 and P = .002; for SMARCC2 -ARID1A, r = 0.28 and P < .001; for SMARCC2 -SMARCB1, r = 0.28 and P < .001; for SMARCA4 -NR3C1, r = -0.29 and P < .001; for SMARCA4 -ARID1A, r = 0.49 and P < .001; for SMARCA4 -SMARCB1, r = 0.46 and P < .001) ( Table 2 ). These data indicate that there is a common regulatory mechanism for these three genes. Also, low expression of SMARCB1, ARID1A, and NR3C1 was associated with prednisolone resistance, with the strongest associations being for ARID1A and SMARCB1 ( Supplementary Table 3 , available online).
Our fi ndings that the SWI/SNF pathway might be able to explain approximately 22% of the total variation in prednisolone resistance in ALL patients (correlation coeffi cients for these genes and prednisolone resistance ranged from 20% to 30% in the training set of 177 ALL patients; Supplementary Tables 2 and 3 , available online) indicate that glucocorticoid resistance may be multifactorial. Nevertheless, the SWI/SNF complex is a biological system with a previously unrecognized association with the glucocorticoid sensitivity of leukemia cells. To validate these fi ndings, we used an independent cohort of 95 patients for whom we obtained in vitro sensitivity data for two glucocorticoids, prednisolone and dexamethasone. Statistical signifi cance of the association between glucocorticoid sensitivity and gene expression was confi rmed for all genes except SMARCC2 by use of the more potent glucocorticoid dexamethasone, and expression of SMARCA4, the gene with the catalytic subunit of the SWI/SNF complex, was strongly associated with both prednisolone and dexamethasone sensitivity ( Table 3 ). In the COALL-DCOG training cohort, the accuracy of predicting whether ALL cells were resistant or sensitive to prednisolone treatment by use of the expression of fi ve genes encoding subunits of the SWI/SNF complex was 76% and, in the St. Jude validation cohort, accuracy was 71% for predicting prednisolone sensitivity or resistance and 77% for predicting dexamethasone sensitivity or resistance ( Supplementary Table 4 , available online).
We further documented the important role of the SWI/SNF complex in glucocorticoid resistance by showing that shRNAmediated inhibition of SMARCA4 expression in human Jurkat leukemia cells reduced the sensitivity of leukemia cells to glucocorticoid treatment. Thus, SMARCA4 expression appears to be involved in the antileukemic mechanism of glucocorticoids in that decreased SMARCA4 expression reduced SWI/SNF complexrelated chromatin-remodeling activity, which reduced glucocorticoid-induced transcriptional activity, which in turn then reduced glucocorticoid-induced cytotoxicity.
Glucocorticoid resistance in leukemia cell lines has been associated previously with defects in the NR3C1 glucocorticoid receptor ( 46 -48 ) , but such defects have rarely been observed in primary leukemia cells ( 11 ) . These observations have led to the hypothesis that clinical resistance occurs downstream in the glucocorticoid signaling pathway, with loss of the death response or inappropriate activation of survival signals ( 13 , 49 -55 ) . However, we found a new mechanism for glucocorticoid resistance in primary leukemia cells, whereby a defect in the chromatin-remodeling process appears to reduce the cytotoxic effects of glucocorticoid on leukemia cells.
Our study had several limitations. Glucocorticoid resistance is most likely a multigenic phenomenon, and genes or gene groups other than those investigated in this report might cause glucocorticoid resistance. Furthermore, genetic mutations that do not change the mRNA level but do alter gene function might also contribute to resistance. These possibilities are supported by our fi nding that we were able to explain only approximately 20% of the variation in glucocorticoid resistance in patients. Finally, future studies are thus warranted to investigate the levels of proteins that are encoded by SMARCA4, SMARCB1, and ARID1A, the genes that expressed low mRNA levels, to determine whether protein expression is also associated with glucocorticoid resistance in ALL cells. Another limitation of our study is the relatively small sample size, especially of the St. Jude validation cohort.
In conclusion, to our knowledge for the fi rst time, we found an association between the expression of as many as three genes encoding key subunits of the SWI/SNF complex-SMARCA4, SMARCB1, and ARID1A-and resistance of ALL cells to glucocorticoid treatment. These fi ndings provide a basis for future studies to investigate the association between genetic or epigenetic determinants of subunits of the SWI/SNF complex and glucocorticoid resistance of ALL.
